Numerical simulations for mixed convection flow of micropolar fluid in an open ended arc-shape cavity have been carried out in this study. Computation is performed using the alternate direct implicit (ADI) method together with the successive over relaxation (SOR) technique for the solution of governing partial differential equations. The flow phenomenon is examined for a range of values of Rayleigh number 10 2 Ra 10 6 , Prandtl number 7 Pr 50, and Reynolds number 10 Re 100. The study is mainly focused on how the micropolar fluid parameters affect the fluid properties in the flow domain. It was found that despite the reduction of flow in the core region, the heat transfer rate increases, whereas the skin friction and microrotation decrease with the increase in the vortex viscosity parameter D.
Introduction
Combined forced and free convection flows, also called mixed convection flows, arise in many engineering processes in general and in fluid transport devices in particular. These flows are characterized by a buoyancy parameter, say d ¼ Gr/Re n , where Re is the Reynolds number, Gr (¼ Ra/Pr) is the Grashof number, and n (>0) is a constant which depends upon the flow configuration and the surface heating conditions. Mixed convection flow regime is characterized in the range d min d d max . This parameter d provides a measure of the influence of free convection in comparison with that of forced convection. Outside this range, either only forced or only free convection analysis may be used to describe flow or temperature field. Forced convection is dominant if d ! 0, whereas free convection is dominant if d ! 1 [1] . Buoyancy effects can significantly affect the forced flow. Consequently, these can even be responsible for the delay or speeding up of the transition from laminar to turbulent flow of a fluid.
The classical Navier-Stokes theory does not fully describe the flow behavior of certain fluids. Eringen [2, 3] introduced the micropolar fluid model that can cover, both in theory and applications, many more phenomena than the classical model. The application of micropolar fluid is generally found in Ferro liquids, colloidal solutions, animal's blood, and exotic lubricants. Micropolar fluids consist of rigid, randomly oriented particles suspended in a viscous medium, whereas the deformation of the particles is neglected. Physically, these fluids consist of dumbbell shape molecules or short rigid cylindrical elements. Apart from the usual rigid body motion, the fluid particles in small volume elements rotate about their centroid and this rotation is evaluated as an average by the microrotation vector (or spin) N. Therefore, in the study of micropolar fluids, the equation for the conservation of the angular momentum N, other than the equations of usual Newtonian velocity components, is also introduced, see [2] [3] [4] . This model provides a generalization of a classical Navier-Stokes model and gives rise to a new field of applications including a large number of complex fluids, and includes classical Navier-Stokes equations as a special case.
One of the pioneer studies of micropolar fluids in rectangular domains includes the work of Jena and Bhattacharyya [5] . They investigated the effect of microstructure on thermal convection in a rectangular box heated from below. They concluded that the critical Rayleigh number of a micropolar fluid is always higher than that of a Newtonian fluid under the same physical conditions. Hsu and Chen [6] used the spline ADI method to study the natural convection of micropolar fluid in a rectangular enclosure heated from below. Further advancement was also made by Hsu et al. [7] . Wang et al. [8] investigated natural convection of micropolar fluid in a partially divided enclosure. Aydin and Pop [9] studied the natural convection of micropolar fluid in a rectangular enclosure with a discrete heat source using ADI and SOR method with nonuniform grid structure and showed that recirculation inside the enclosure increases with the increase in Rayleigh number. The same authors also considered the case of a differentially heated enclosure [10] . Recently a study of a differential heating case for micropolar fluids in enclosures is also made by Saleem et al. [11] . The results of most of the contributions cited above agree with the consensus that the heat transfer rate of micropolar fluids is less than that of Newtonian fluids, and it further decreases with the increase in vortex viscosity of micropolar fluids.
Hsu and Wang [12] also investigated the mixed convection of micropolar fluid in a rectangular cavity with the openings having a width 1/8 of the height at the top ends, whereas a discrete heat source was assumed to exist at the left vertical wall. The value of the mixed convection parameter was varied from 0.001 to 1. They showed that an increase in the value of buoyancy and Reynolds number resulted in a higher value of recirculation, higher heat source temperature, and higher heat transfer coefficient. Although the vertical velocity v at the opening was not specifically defined, the definition of stream function at the inlet indicated that v is zero. Hsu and Hong [13] studied natural convection of micropolar fluids in an open cavity, and specifically defined the vorticity, angular momentum, and temperature at the opening to differentiate between the incoming and the outgoing fluid. Recently a detailed discussion on the velocity components for incoming and outgoing fluid has been recently made by Saleem et al. [14, 15] .
Earlier boundary layer studies of micropolar fluid include the works of Willson [16] and Ahmadi [17] . A boundary layer study of micropolar fluid along a vertical flat plate was also conducted by Hossain et al. [18] . Further contributions also include the work of Mrabti et al. [19] and Wang and Chen [20] , whereas recent study is done by Hayat and co-workers [21] [22] [23] and Srinivasacharya and Ramreddy [24] . Micropolar fluids differ from Newtonian fluids over a number of viscosity coefficients. That is, other than the usual dynamic viscosity (l) of Newtonian fluid, j; c, and j, respectively, define the vortex viscosity, the spin gradient viscosity, and the microinertia density of micropolar fluid (see also [2] [3] [4] , [6] [7] [8] , and [12] ). However, the studies given in [9] [10] [11] and [13] assumed the spin gradient viscosity to be of the form proposed by Ahmadi [17] .
Other than the driving mechanisms and surface heating conditions, the flow formation and heat transfer phenomenon also depend upon the shape of domain containing the fluid. The investigation of fluid flow in complex and irregular domains has thus gained enormous attention during the last few decades. Coulter and Güçeri [25] demonstrated the application of a boundary fitted coordinated system on nonrectangular grids and showed that turbulence is more likely to occur in the contracted regions of a complex geometry. Char and Lee [26] investigated the maximum density effects on natural convection of micropolar fluid between horizontal eccentric cylinders by converting the usual Cartesian coordinates into body fitted curvilinear coordinates. They observed that the maximum Nusselt number occurs at the maximum density point of water. The case of mixed convection in between the concentric cylinders was discussed by Yoo [27] . Chiu et al. [28] used the ADI method together with the SOR scheme to study natural convection of micropolar fluid in spherical annuli. The flow was assumed to be symmetric about the gravity line. They observed that heat transfer increases near the top and decreases near the bottom with increasing values of Rayleigh number. The investigation of mixed convection of microplar fluid along wavy surfaces was conducted by Cheng and Wang [29] . They showed that the harmonic curve of heat transfer of Newtonian fluid varies with a frequency the same as that of the wavy surface, whereas the harmonic curve of heat transfer of microplar fluid varies with a frequency twice that of the wavy surface. Chen and Cheng [30] numerically studied the buoyancy driven periodic flow pattern and heat transfer of a Newtonian fluid in a lid driven arc-shape cavity. The arc-shape cavity was modeled as a heat source and a flat lid at lower temperature provided inertial force. The transformation was used to generate body fitted coordinates. The Poisson equation was used to generate grids. It was shown that the vortex cells that evolve due to the dominance of thermal convection, and the vortex cells that evolve due to the dominance of inertial force, had opposite orientations. Furthermore, the periodic flow pattern is observed only when inertial and thermal effects balance each other. The application of nonrectangular geometry in thin film formation is made by Gaskell et al. [31] . Varol and Oztop [32] showed the flow pattern of free convection in a shallow wavy enclosure. They also showed that heat transfer curves exhibit wavy variation for such kinds of geometries.
One of the important applications of fluid flow in nonrectangular geometry is fluid film lubrication, in which surfaces may also be in the form of an undulated substrate, or a trench. In such situations, the eddy formation and flow properties depend upon the geometry of the lower plate and separation between the surfaces (see [33, 34] ). The choice of coordinate system depends upon the ratio of separation between the surfaces and the steepness/ depth of corrugations. Moreover designing and investigating devices like solar collectors, condensers, and cooling devices also deal with the study of irregular geometry.
It follows that the investigation of flow in an irregular domain is also one of the main areas of study in heat transfer engineering. One of the common methods to solve such problems for the full Navier-Stokes equation is to convert the problem into body fitted curvilinear coordinates, and solve the system in rectangular computational domain obtained through the transformation [25] [26] [27] 30] . Thus in the present work we consider the flow of micropolar fluid in an arc-shape cavity, which serves like a trench below some ambient region given in Fig. 1 . The wide openings at both ends above the trench suggest that it is a channel-like flow with a curve-shape solid bottom wall as the heat source. Moreover, here we consider the nondimensional form of all three material parameters of micropolar fluid. The purpose of considering all three material parameters is to understand as to how much each one of these can individually contribute to affect the flow in this kind of domain. The governing equations are solved using the alternate direct implicit method together with the successive over relaxation technique. Emphasis is laid on the investigation of flow pattern in this particular geometry for various values of governing physical parameters.
Mathematical Formulation
Consider the unsteady two-dimensional mixed convection flow of an incompressible micropolar fluid through a channel with an arc-shape bottom wall AB of total length L and total height H. The curved surface from A to B is considered to be isothermal and maintained at a temperature T H . The upper wall CD is horizontal and is isothermally maintained at a temperature T C (where
The cavity is filled with micropolar fluid with AC and BD as the inflow and outflow openings, respectively. h is the height of both the openings. The x and y coordinates are chosen such that
x is a measure of the distance along AB and y is a measure of the distance in the vertical direction. We further assume that the micropolar fluid has constant properties except that the variation of its density with temperature follows the Boussinesq approximation. Moreover, U 0 is the horizontal velocity of the micropolar fluid at the inlet opening of the curve-shape cavity. The flow configuration of the system is shown in Fig. 1 .
Thus for the unsteady motion of micropolar fluid, the equations for conservation of mass, linear, and angular momentum and energy in the two-dimensional coordinate system are given by (see also [6] [7] [8] [9] [10] [11] [12] [13] ) Fig. 1 The geometry of the problem
where u and v are the components of velocity along the x and y axes, N is the component of microrotation vector normal to the x y plane, T is the fluid temperature, t is the time, g is the magnitude of acceleration due to gravity, b is the coefficient of volume expansion, q is the density, l is the dynamic viscosity, a ¼ k/qC p is thermal diffusivity in which C p is molar specific heat at constant pressure, and k is the coefficient of thermal conductivity. For a micropolar fluid, we define j as the vortex viscosity, c as spin gradient viscosity, and j to be the microinertia density [6] [7] [8] . The initial and boundary conditions satisfied by the micropolar fluid are given by
The boundary conditions at the opening are given by (see also [12] [13] [14] [15] 
whereas the boundary conditions at the solid surface of the cavity are given by (see [6] [7] [8] [9] [10] [11] [12] [13] )
Here n is a constant 0 n 1. The case n ¼ 0 corresponds to the strong concentration of microelements. This indicates N ¼ 0 near the walls. That suggests that concentration of the particles is strong enough so that the microelements near the walls are unable to rotate because of this concentration. The case n ¼ 1/2, on the other hand, indicates the vanishing of the antisymmetric part of the stress tensor and denotes weak concentration. The case n ¼ 1 may be used for the modeling of turbulent boundary layer flows (see also [9, 10, 12] ). In order to define stream vorticity formulation, we differentiate Eq. (2) with respect to y and Eq. (3) with respect to x, and subtract Eq. (2) from Eq. (3), and introduce vorticity and stream function defined by the expressions [14, 15] x
Furthermore, by taking U 0 as the reference velocity and h as the reference height, we introduce the nondimensional variables by the following transformations:
Equations (1)- (5) finally take the form [12]
With the following boundary conditions (see [12] [13] [14] [15] ):
where
The nondimensional viscosity parameters for micropolar fluids are defined as (see also [12, 26] )
Here D is the vortex viscosity parameter, k is the spin gradient viscosity parameter, and B is the microinertia density parameter, respectively. Finally the average Nusselt number in nondimensional form, along the heated side, is given by
Likewise, the average skin friction in nondimensional form is given by
Method of Solution
The problem defined by Eqs. (10)- (13) is in the physical domain. We first generate a body fitted coordinate system by transforming the whole set of Eqs. (10)- (13) into curvilinear coordinates ðn; gÞ which will be the computational domain for the problem. Where n ¼ nðx; yÞ g ¼ gðx; yÞ (20) Thus in order to transform the physical space of our problem given by Eqs. (10)- (13) into body fitted computational space, we use the following transformation for this particular geometry:
where 0 e < 1 is some parameter which controls the curvature of the cavity. Typically for this cavity it is 0.5. The points on the physical plane corresponding to the points of the computational plane are shown on a grid in Figs. 2(a) and 2(b). Through this coordinate transformation from the xy plane to the ng plane, the physical domain is mapped onto the computational domain in the region n min n n max and g min g g max (see also [25] [26] [27] [28] [29] [30] ). Thus by applying the transformation given by Eq. (20) on Eqs. (10)- (13), the problem in curvilinear coordinates becomes [26] [27] [28] [29] [30] 
The coefficients in Eq. (26) are defined as
Here U and V are the components of the velocity profile in the computational domain, a T , b T , c T are the parameters of this transformation, and J is the Jacobean given by
The subscripts n; g in Eq. (28) denote the partial derivatives of x; y with respect to n; g, respectively. The wall boundary conditions of the physical domain are incorporated with the computational domain by the following relation [26, 27, 29] :
The coupled partial differential Eqs. (22)- (25) are solved numerically satisfying the boundary conditions given by Eq. (29) . However the Laplacian of Eqs. (23)- (25) is computed from Eqs. (26) and (27) in the computational domain, using the ADI method. For convective terms, the method is modified using the upwind finite difference method (see also Roache [35] ). The stream function Eq. (22) is solved using a successive over relaxation method with residual tolerance 10 À5 . The results obtained in these rectangular coordinates are retransformed and are then described in the physical domain. For convergence to the steady state it was assumed that for any dependent variable /,
After a number of numerical runs it was found that the steady state regime for all flow variables lies well within this range. Since our computational domain is rectangular, it would be convenient to modify the problem into equal mesh spacing. We define the grid size h ¼ 1/jmax, where jmax is the maximum number of intervals along y. Thus a grid dependence study has been carried out for 
Results and Discussion
Numerical simulation is performed for the mixed convection flow of a micropolar fluid in an open ended arc-shape cavity. The computation is carried out for vortex viscosity parameter D, ranging from 1 to 10. The effect of Prandtl number, Reynolds number, and Rayleigh number on heat transfer and skin friction are also investigated. The results are presented graphically for the contours of streamlines, isotherms, and microrotations. The values of the Nusselt number and skin friction are also given for various values of physical parameters.
Newtonian Fluid Under the Same Physical Conditions.
In order to understand the heat transfer characteristics of a micropolar fluid in this particular geometry, we first draw the streamlines of Newtonian fluid in this arc-shape channel at two different values of Rayleigh number. This would not only help to understand the effect of flow pattern on heat transfer in this particular geometry, but will also help us to make a direct comparison with the properties of a micropolar fluid. It is also important to note here that unlike the usual rectangular domains, the geometry of the problem is a trench-like cavity with a considerably wide inlet and outlet at the openings. For e ¼ 0.5 the height of the opening is one third of the total height and is actually half the maximum depth of the cavity. Thus compared to the square enclosures, this arc-shape cavity has less space for the fluid to be trapped in. Figure 3 shows the pattern of streamlines for Re ¼ 10, Pr ¼ 7, D ¼ 0, for (a) Ra ¼ 0 and (b) Ra ¼ 2 Â 10 4 . It is obvious from Fig. 3(a) that for purely forced flow (Ra ¼ 0), a small eddy with a very week circulation rests at the bottom of the "trench." This suggests that there is a small portion of the cavity that comes in contact with the "heated fluid." Nevertheless, most of the part of the left half of the cavity comes in contact with the fluid, like the contour labeled 0.0020. Thus at Ra ¼ 0, the recirculation inside the cavity is very low and so the size of the vortex cell is small indicating that the dominance of forced flow permits more fluid to set in the core region of the cavity. Comparing this figure with Fig. 3(b) , we discern that with the dominance of free convection (Ra ¼ 2 Â 10 4 ), a large eddy develops in the entire depth of the cavity, leaving less room for the incoming colder fluid to make contact with the wall. This can be seen from the streamline labeled 0.035 in Fig. 3(b) . Thus a large eddy of heated fluid rotating in a clockwise direction prevents the transfer of heat from the heated arc to the colder fluid. This makes sense why heat transfer in Fig. 3(c) decreases with the increase in Rayleigh number for Re ¼ 10, Pr ¼ 7, D ¼ 0. Thus most of the part of the thermal energy from the heated arc-shape solid wall is dissipated in the higher recirculation, leaving less interaction of the heated wall with the incoming fluid, which results in a decrease in the average Nusselt number. So the cell formation greatly affects the heat, transfer characteristics in such kinds of irregular geometry.
Effect of Vortex Viscosity Parameter.
From the discussion of Newtonian fluid, it is now easy to conclude that in this specific geometry, dominance of forced convection causes small vortex cells to develop and larger Nusselt numbers to evolve. Alternatively, buoyancy dominance causes an increase in the size of the vortex cell and a decrease in the average Nusselt number. We shall see now for micropolar fluid that due to the effect of vortex viscosity, whether the cell formation and heat transfer admit the same criteria or not. The right-hand sides of Eqs. (11) and (12) Fig. 3(a) . We now study the effect of vortex viscosity parameter on the isotherms pattern given in Figs. 5(a) Fig. 4(b) . The presence of the small vortex cell at t ¼ 0.2, shown in Fig. 6(a) , signifies that from t > 0 the vortex cell starts to develop due to convection. Figure 6(b) shows that during the counteracting mechanism, the dominance of convection causes this vortex cell to considerably develop. The strength of cell increases from À0.010 to À0.088 from t ¼ 0.2 to t ¼ 1.5. The slight decrease in the strength of the vortex cell at t ¼ 3.6 given in Fig. 6(c) is due to the counteracting mechanism between the left vortex cell and the fluid trapped in the right portion of the trench. The vortex cell again starts to develop and pushes the trapped fluid upward as shown in Fig. 6(d) . The flow pattern finally settles at the steady state given in Fig. 4(b) . Thus the effect of buoyancy gradually develops the vortex cell in the flow. Figure 7 shows the time evolution of heat transfer while Re
The sudden decrease in heat transfer between t ¼ 0 and t ¼ 1 is due to sudden bulging of the vertex cell in the transient regime. It is interesting to see that although the flow pattern in Fig. 6(d) has not attained its steady state given in Fig. 4(b) even at t ¼ 5, yet the heat transfer curve attains a steady value beyond t > 5. It may be due to the reason that the developed vortex cell has a dominating effect on heat transfer curve characteristics.
We now study the effect of increasing values of the vortex viscosity parameter on heat transfer and skin friction. Table 2 shows the values of the average Nusselt number, average skin friction, and difference between the maximum and minimum values of microrotation while Re ¼ Pr Table 2 it can be seen that heat transfer rate increases from 9.37 to 10.38 as we increase the vortex viscosity parameter D from 0 to 10. The reason can now be well discerned from the flow pattern shown in Figs. 4(a) to 4(d) . That is, although the increase in D reduces the flow, at the same time it reduces flow circulation and eddy size permitting colder fluid to enter in the core region; consequently causing greater heat transfer. The decrease in the size of the vortex cell thus causes the heat transfer rate to increase. Average skin friction C f slightly decreases from 28.16 to 28.11 as D is increased from 0 to 10. This was now expected as the reduction of flow causes the velocity components to decrease. The values of |N max À N min | at D ¼ 0 correspond to the solution of uncoupled microrotation Eq. (12) for Newtonian fluid. Thus in the absence of additional viscosity, the microrotation in the flow particles is maximum. Obviously introducing D leads the fluid particles to dissipate more energy in counteracting this additional viscosity, and ultimately the microrotation decreases. However this decrease is not significant beyond D ¼ 5.
Effect of Spin Gradient Viscosity
Parameter. The spin gradient viscosity parameter of the angular momentum is an intrinsic property of the micropolar fluid molecular unit. Since it appears only in angular momentum Eq. (12), it will have a comparatively less significant effect on the fluid properties. Table 3 shows the values of the average Nusselt number, average skin friction, and difference between maximum and minimum values of microrotation while Re ¼ Pr Table 3 it can be seen that the average Nusselt number increases from 9.74 to 10.12, as we increase k from 0 to 5. However, skin friction decreases from 28.21 to 28.14, whereas the difference in the extreme values of spin angular momentum decreases from 100.5 to 94.8, as k is increased from 0 to 5. The microinertia density parameter B made no significant impact on flow properties; therefore the results are excluded for the sake of brevity.
Effect of Prandtl Number.
Since the class of micropolar fluids corresponds to the greater values of Prandtl numbers, this is why we are investigating the flow in the range 7 Pr 50. Table 4 now shows the values of the average Nusselt number, average skin friction, and the difference between the extreme values of the angular momentum against time while Re ¼ 10,
, and 50. It is now obvious that since the increase in Prandtl number reduces the thermal boundary layer, which causes the high energy isotherms to concentrate close to the heated surface, thereby increasing the temperature gradient. Thus the average heat transfer rate increases from 8.57 to 19.10 as we increase the Prandtl number from 7 to 50. However, the variation in skin friction is not very significant. Skin friction increases from 28.1295 to 28.1301 for this range of values of the Prandtl number. This increase may well be attributed to the increase in the viscous effects of the fluid. Moreover, the difference between the extreme values of angular momentum increases from 94.242 to 94.267 as the Prandtl number varies from 7 to 50. are very weak, and a small eddy with very low recirculation rests at the bottom of the cavity. Comparing Figs. 10(b) and 10(c), we can see that buoyancy makes a major contribution in the flow for Ra > 10 4 , and a large vortex cell covers most of the core region at Ra ¼ 10 6 . Thus the strength and size of the vortex cell increases with the increase in Rayleigh number. Figure 11 shows the isotherms while Re
, and (c) Ra ¼ 10
6
, respectively. The parallel structure of isotherms in Figs. 11(a) and 11(b) indicate the weak effects of the convective regime. However at Ra ¼ 10 6 the distorted structure of isotherms once again show the dominance of the convective regime in the core region, whereas the high energy isotherms are concentrated close to the hot wall. Table 6 shows a comparison of the average Nusselt number, average skin friction, and difference between maximum and minimum values of angular momentum while Re , the effect is not significant. However at Ra ¼ 10 6 , the formation of a large vortex suggests a significant decrease in heat transfer. However, decrease in skin friction and |N max À N min | is not significant for increasing values of Rayleigh number.
Conclusions
Numerical simulations for mixed convection flow of micropolar fluid in an open ended arc-shaped cavity have been performed for a range of values of vortex viscosity parameter 0 D 10, spin gradient viscosity parameter 0 k 5, the Rayleigh number 10 2 Ra 10 6 , Prandtl number 7 Pr 50, and Reynolds number 10 Re 100. It was seen that the cell structure in the flow pattern significantly affect the heat transfer characteristics. For both Newtonian and micropolar fluids, the size and the strength of the buoyancy cell increases, whereas the heat transfer rate decreases with the increase in Rayleigh number. Despite the reduction of flow, heat transfer rate increases, whereas the microrotation and skin friction decreases, with the increase in both the vortex viscosity and the spin gradient viscosity parameters. Heat transfer, microrotation, and skin friction increase with the increase in both the Reynolds number and the Prandtl number. It should be mentioned here that this work is a basic study of flow pattern in this kind of irregular geometry. A detailed investigation of the flow and comparison of heat transfer for different ratios of the opening height to the cavity depth, and for different values of micropolar fluid parameters is left as a part of future work. 
